Polypyrrole is a material with immensely useful properties suitable for a wide range of electrochemical applications, but its development has been hindered by cumbersome manufacturing processes. Here we show that a simple modification to the standard electrochemical polymerization method produces polypyrrole films of equivalently high conductivity and superior mechanical properties in one-tenth of the polymerization time. Preparing the film as a series of electrodeposited layers with thorough solvent washing between layering was found to produce excellent quality films even when layer deposition was accelerated by high current. The washing step between the sequentially polymerized layers altered the deposition mechanism, eliminating the typical dendritic growth and generating nonporous deposits. Solvent washing was shown to reduce the concentration of oligomeric species in the near-electrode region and hinder the three-dimensional growth mechanism that occurs by deposition of secondary particles from solution. As artificial muscles, the high density sequentially polymerized films produced the highest mechanical work output yet reported for polypyrrole actuators. ABSTRACT: Polypyrrole is a material with immensely useful properties suitable for a wide range of electrochemical applications, but its development has been hindered by cumbersome manufacturing processes. Here we show that a simple modification to the standard electrochemical polymerization method produces polypyrrole films of equivalently high conductivity and superior mechanical properties in onetenth of the polymerization time. Preparing the film as a series of electrodeposited layers with thorough solvent washing between layering was found to produce excellent quality films even when layer deposition was accelerated by high current. The washing step between the sequentially polymerized layers altered the deposition mechanism, eliminating the typical dendritic growth and generating nonporous deposits. Solvent washing was shown to reduce the concentration of oligomeric species in the near-electrode region and hinder the three-dimensional growth mechanism that occurs by deposition of secondary particles from solution. As artificial muscles, the high density sequentially polymerized films produced the highest mechanical work output yet reported for polypyrrole actuators.
INTRODUCTION
Artificial muscles, 1−3 battery electrodes, 4 and sensors 5 that use conducting polymers such as polypyrrole (PPy) demand highly conductive and mechanically robust films or fibers for enhanced device performance. Most contemporary practitioners use an electrochemical method to prepare free-standing PPy films using a slow, low-temperature, galvanostatic polymerization of pyrrole monomer in organic solvent. 6 Such methods produce highly conductive PPy films typically exceeding 200 S/cm (depending upon dopant ion), although breaking strength can still be as low as a few MPa when operated electrochemically in preferred electrolytes. 7 The slow polymerization is a major encumbrance with 8 h or more of polymerization time needed to generate practical film thickness. 8, 9 Although the rate of PPy synthesis can be easily accelerated by using higher deposition currents, previous attempts to utilize such high current densities (2−4 mA/cm 2 , based on the geometrical area of the electrode) produced PPy films with inferior mechanical properties (elastic modulus ∼200 MPa) 10 and low conductivity (∼6 S/cm).
11
What is needed is a method to rapidly prepare strong and highly conductive PPy free-standing films. A wide range of electrochemical procedures have been used to prepare PPy coatings and films with the polymer structure and properties strongly dependent upon the electrolyte composition, 12 polymerization temperature, 13 and electrodeposition conditions.
14 Faster electrodeposition as occurs galvanostatically at higher current densities or potentiostatically at higher electrode potentials tends to produce rougher surfaces 15 and inferior properties. 16 The surface roughness is largely determined by the polymer nucleation and deposition growth mechanisms. As in metal electrodeposition, 17, 18 nucleation can be either instantaneous or progressive and growth can be 2-dimensional or 3-dimensional. Both types of nucleation mechanisms have been identified in PPy electrodeposition and depend on the type of electrode used. 19 Otero and De Larreta showed that smoother films were produced by potentiodynamic polymerization where the alternating anodic and cathodic cycles generated a greater nucleation density and hindered the 3-D growth of particles. In other studies, both 2-D and 3-D growth mechanisms have been identified for electropolymerized conducting polymers. 20 The former mechanism favors a layer-by-layer deposition process and produces more compact deposits, while the continuous growth of nuclei in three dimensions produces porous films. Most studies of electrodeposited conducting polymers indicate that the first formed layer is by 2-D nucleation and growth 21 with 3-D growth favored at longer polymerization times.
22−24
The prior work described demonstrates the trade-off between PPy film properties and preparation time with slow polymerization required to produce high-quality films through a preference for progressive nucleation and 2-D growth. The modified synthesis method we report here significantly reduces the polymerization time required to fabricate free-standing PPy films from 8 h to just 16 min without compromising film properties. The method involves a process of sequentially depositing micrometer thick PPy layers with solvent washing between layers ( Figure 1a ) and is hereby referred to as sequential polymerization (SP). Herein we show that the SP films are highly conductive (220 S/cm) with excellent mechanical properties (1.9 GPa modulus and 164 MPa tensile strength) and can be used as high-performance artificial muscles.
EXPERIMENTAL SECTION
Reagents and Materials. Tetrabutylammonium hexafluorophosphate (TBA·PF 6 , Fluka), propylene carbonate (PC, Sigma-Aldrich), and ethanol of HPLC grade (Ajax) were used as-received. Pyrrole (Fluka) was distilled before use. The polymerization solution contained 0.06 M of pyrrole and 0.05 M of TBA·PF 6 mixed in PC containing 1 wt % of deionized water. Before the reaction commenced, the whole solution was purged with nitrogen gas for 20 min and cooled to −31°C. A 40 mm × 20 mm × 2 mm (length × width × thickness) glassy carbon working electrode (SIGRADUR Hochtemperatur-Werkstoffe GmbH) was used as the substrate for electropolymerization of pyrrole. The counter electrode was reticulated vitreous carbon (RVC) foam (80 ppi).
Electrochemical Polymerization. PPy films were prepared using three different electrochemical processes as illustrated in Figure 1 . SP films were deposited in eight steps with each step involving galvanostatic polymer electrodeposition at 3 mA/cm 2 for 2 min, removal of the coated working electrode from the solution, washed in a stream of ethanol, dried with nitrogen gas, and returned to the solution. SP films (without washing) were prepared in an identical manner except that the ethanol wash was omitted. Continuously polymerized (CP) films were prepared in a one-step process involving polymer deposition at 0.1 mA/cm 2 for 8 h or 3 mA/cm 2 for 16 min. Finally, for comparison purposes SP films (with washing) were also prepared at +21°C. All other films were polymerized at −31°C. A film thickness of ∼10 μm was produced in each case, and the films could be readily peeled off the electrode surface.
Characterization. Electron microscopy was performed with a JEOL JSM-7500 FA. For examination of free-standing film cross sections, samples were mounted in epoxy and sectioned by ultramicrotome. The cross sections were imaged by scanning transmission electron microscopy (STEM) which provided maximum contrast between PPy and PPy−epoxy interface. Film thicknesses were measured from images of STEM cross sections. Mechanical properties of the PPy free-standing films in the dry state were measured with EZ-S universal testing machine (Shimadzu). All samples were cut into about 2 mm wide and 15 mm long, drawn at speed of 1 mm/min. The conductivity was measured by using a four-point probe (RM3, Jandel). Prior to those measurements, all PPy samples were carefully washed in ethanol to remove PC and then dried in a vacuum at 35°C overnight. The reported mechanical and electrical properties were obtained from four samples. Film densities were determined using a pycnometer.
Actuation tests for PPy·PF 6 were performed in 0.25 M TBA·PF 6 PC electrolyte using a conventional three-electrode setup. The threeelectrode arrangement allows for the accurate control of the applied electrochemical potential with respect to a reference electrode. Accurate control of the electrochemical potential during actuation testing is important to control the redox reactions responsible for PPy actuation and to prevent degradation by overoxidation. During the actuation tests, when potential was applied, the change in length at a fixed applied force was measured by a lever arm dual mode system (305B, Aurora Scientific Pty). When actuation tests were conducted under loads, the actuation strain was measured at the lowest load, and then the load was increased stepwise and the actuation test repeated at each load increment. The process was repeated until failure of the sample occurred.
RESULTS AND DISCUSSION
Significant improvements in both electrical and mechanical properties were evident from PPy films prepared by the SP method in comparison to films made by the CP method (Table  1) . When prepared at the same high current density the SP films showed an astonishing 40 times increase in the breaking strength (160 MPa, Figure S1a ) compared to the CP films (4 MPa). Similarly, the elastic modulus and conductivity of the SP films (1.9 GPa and 220 S/cm, respectively) were significantly higher than the CP films (0.34 GPa and 60 S/cm). Even in comparison to the standard low current density CP method (slow polymerization), the films prepared using the rapid SP method displayed superior tensile strength (3 times higher), modulus (nearly 2 times higher), and conductivity (30% higher). Notably, these significantly improved properties were achieved in less than 5% of the polymerization time.
Further investigation of the properties obtained from SP films showed that the washing step and polymerization temperature were critically important. SP films prepared without washing had nearly identical mechanical and electrical properties to the CP films using the same high current density (Table 1 ). Polymerization temperature also had a significant effect with SP films (with washing) prepared at room temperature showing inferior properties to the equivalent films prepared at −31°C. Interestingly, the room temperature SP films were still superior to the CP films prepared at −31°C and at the same current density.
The first clue to the origin of the improved properties of the rapidly produced SP films was their strikingly different visual appearance and microstructure. Both sides of the SP films prepared with solvent washing and at −31°C were shiny, smooth, and lustrous (Figures 1b and 2b) . A similar shiny appearance was noted for the CP films prepared slowly at a low current density. In contrast, the high current density CP films showed a rough and dull surface and the classical "cauliflower" morphology 25−27 on the electrolyte side (Figures 1b and 2a) . Cross-section scanning transmission electron microscope (STEM) images show a highly porous structure with variable thickness (6−10 μm) for the high-current CP film (Figure 2c ) and a homogeneously dense, uniformly thick (∼10 μm) structure for the SP film (Figure 2d ). Density measurements confirmed the porous nature of the CP films (1.27 g/cm 3 ) ). To the authors' knowledge, the highest previously reported density for PPy was 1.44 g/cm 3 . 28 The high degree of porosity, microstructural, and molecular defects, including molecular species not connected to the cross-linked polymer network, and rough surface account for the low mechanical strength and modulus of the CP films, as the pores and internal defects act as stress concentrators or plasticizers. 16, 29, 30 The higher conductivity of the SP films likely arise from increased conjugation length, as no difference in long-range order or chemical composition between SP and CP films could be detected by X-ray diffraction ( Figure S1b ) or Raman spectroscopy ( Figure S1d) . Studies of electropolymerized polythiophene films noted decreases in conductivity and density with increasing film thickness and the enhanced conductivity of thin films was attributed to a longer chain conjugation length. 31, 32 It is also noted that the tortuous conduction pathway in porous carbon means that conductivity scales directly with density. 33 It follows that the less dense, porous CP films will show a reduced conductivity than the denser SP films.
SEM imaging at different stages of high current CP reveal important details of the deposition mechanisms and the source of microscale surface roughening and internal porosity. Examination of the CP film after 2 min polymerization showed a homogenously smooth surface (Figure 3a) . However, a separately prepared CP film polymerized for 4 min revealed numerous smooth, almost spherical particles (10−15 μm in diameter), which probably deposited on top of the first-formed PPy layer (i.e., as formed in the first 2 min) (Figure 3b) . In some instances, a flat boundary was evident between impinging particles (labeled A in Figure 3b ), indicating that the particles first nucleate and then grow radially with time. The surface concentration of these "secondary particles" increased with polymerization duration such that the underlying, first-formed PPy layer was almost completely covered with particles after continuous polymerization for 8 min (Figure 3c ). Of note was the occurrence of porosity that resulted from incompletely fused particles in regions of high particle concentration (labeled B in Figure 3c) . Eventually, the well-known "cauliflower" pattern was evident in the 16 min CP film (Figure 3d ) with smaller particles forming on the surfaces of the original particles. Since the washed SP film (prepared at the same temperature and equivalent total polymerization time of 16 min) developed no such porosity or "cauliflower" surface roughness (Figure 2b) , it is evident that the first-formed smooth PPy layer was deposited in each sequential step without the formation of secondary particles. The sequentially polymerized film prepared without the washing step had a similarly rough surface structure ( Figure S2a) as the rapidly polymerized CP film. Clearly, the washing step prevented the nucleation and growth of secondary particles.
These observations of the PPy film morphology development are consistent with previous studies of the nucleation and growth of electropolymerized conducting polymers. The buildup of oligomeric species near the electrode has been implicated in the 3-D growth mechanism of electrodeposited conducting polymers. At the point of supersaturation of oligomers in solution, clusters deposit and create growing nuclei. 34 The growth of the 3-D nuclei is favored because of their relatively higher surface area. The deposition kinetics are determined by the reaction conditions, charge transfer and mass transfer rates, and oligomer solubility. Within the resolution limits of the SEM images of Figure 3 , it is evident that initial deposition of the PPy occurs by 2-D nucleation and growth followed by progressive nucleation and 3-D growth of secondary particles resulting from precipitation of oligomer clusters.
Analysis of the ethanol wash solutions and polymerization solutions confirms that high concentrations of pyrrole oligomeric species are related to the formation of the secondary particles. The 480 nm absorption peak observed in the ultraviolet−visible spectra of all ethanol wash solutions indicates the presence of pyrrole oligomers. 35 Similarly, oligomers were found in the polymerization solution following the continuous deposition but were not detected in the polymerization solution after SP ( Figure S3) . Furthermore, the CP polymerization solution gradually darkened upon standing for 1 week with no applied current or potential, whereas the SP polymerization solution remained colorless (Figure 1c) . During electropolymerization, oligomers are produced and released into the electrolyte, 36 and a high concentration of these more active species 37, 38 in the near-electrode solution promotes the heterogeneous nucleation and growth of secondary polymer particles. 39 Radical coupling of two oligomers significantly increases molecular weight, chain branching, and cross-linking, thereby reducing solubility 40 and promoting precipitation. These conditions arise after 2 min of continuous polymerization at 3 mA/cm 2 and −31°C. When reaction is slowed by a low current 6 or a pulsed potential 41 or is interrupted with a washing step, the oligomer concentration remains sufficiently low to prevent the formation of secondary particles. Without such particle formation, the separate layers deposited during SP were almost indistinguishable by cross-sectional STEM ( Figure  2d and Figure S2b) . It is also possible that some oligomers remaining in the washed PPy deposits participate in the subsequent polymerization to encourage strong adhesion and assimilation of the layers.
The new SP PPy films were evaluated as artificial muscles since high conductivity and high strength are advantageous in these applications. Reversible oxidation and reduction of the PPy (Figure 4a ) induces swelling and contraction that can perform mechanical work. The SP film had a sharper oxidation peak centered at a lower oxidation potential than the CP film, which is similar to that observed for PPy formed under very low current densities. 42 All samples produced a positive actuation strain (percent change in length) when the applied electrochemical potential was ramped between −1.0 and +0.8 V (versus a silver/silver ion reference electrode). The actuation strain diminished in magnitude with an increase in the isotonic tensile stress applied to the films (Figure 4b ), in accord with previous studies of conducting polymer actuators. 9 The free stroke (strain at zero applied stress) estimated by extrapolation was ∼6% for both washed SP films (prepared at −31 and 22°C
) and the CP film prepared at low current density. The CP film prepared at higher current density had a considerably lower free stroke of ∼2% and reduced electroactivity, as evident from the broad and less pronounced oxidation and reduction peaks obtained from cyclic voltammetry (Figure 4a ). The decreased charge transfer efficiency of this CP film is likely related to increased voltage drop (IR drop) along PPy sample 43 as a result of the lower conductivity. The CP film prepared at a high current density was also extremely fragile (stress at break <4 MPa) when it was saturated with the PC electrolyte. In contrast, the washed SP film prepared at −31°C sustained stresses up to 20 MPa without failure during actuation work cycles. The high load capability of this rapidly polymerized SP films led to a high work-per-cycle of 190 kJ/m 3 at an applied stress of 8 MPa (Figure 4c ). This work density is higher than the previously highest reported value of 140 kJ/m 3 from PPy actuators that took ∼15 times longer to be prepared. 44 
CONCLUSIONS
In summary, a simple route to rapidly prepare high quality PPy films and their superior performance as artificial muscles is reported. It is shown that solvent washing at regular intervals during the electrodeposition of PPy removes unbound oligomeric species from the deposited PPy and hinders secondary precipitation of polymer particles. Pore-free PPy deposits are then produced. The improved mechanical and electrical properties of these films can be directly related to their reduced porosity and reduction in microstructural and molecular defects. It is anticipated that the sequential polymerization−washing procedure could be readily automated to facilitate commercial-scale production. The higher strength, modulus, conductivity, and electroactivity of the sequentially produced PPy will cater for many applications requiring freestanding films. In future work, film synthesis conditions will be optimized by considering the effects of deposition current density, polymerization time for each layer, and polymerization temperature.
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